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Electroporation is a well-knownmechanism to deliver biologically
active molecules into the cell cytoplasm [1,2]. The technique ﬁnds
broad applications in areas such as cell transfection, protein insertion,
gene and cancer therapy, stem-cell research, among many others
[1–11]. The process is complex and involves two major aspects: the
permeabilization of the cell membrane via an applied electric ﬁeld
[12–14], and the molecular transport into the permeabilized cells
(molecular uptake). A relatively mature understanding has been de-
veloped for the ﬁrst aspect. The permeabilization results from the for-
mation of aqueous, conducting pores on the membrane [15–23], and
a Smoluchowski equation (SE) is often used to statistically describe
the dynamics of the pore population [24–34]. The second aspect, on
the other hand, still eludes a comprehensive understanding, although
past work provided key insights into the underlying physical mecha-
nisms. In general, large molecules such as DNA, RNA, and protein be-
have in a manner more complex than small ions such as calcium and
propidium iodide (PI) [35–37], and endocytosis, electrophoresis, and
diffusion may all contribute to transport [38–43,36,44–46]. Further
identiﬁcation of these speciﬁc mechanisms is important in develop-
ing a prediction capability for this important phenomenon.+1 732 445 3124.
rights reserved.This work focuses on investigating the delivery of small molecules via
electroporation. We are motivated by experimental observations from
previous research, namely, by Zimmermann and co-authors in two com-
panion papers [47,48]. In these experiments, the delivery of PI into mu-
rine myeloma cells was investigated under both classical [47] and
supra-electroporation [48] conditions, and an inverse correlation be-
tween the percentage of PI uptake (or total amount of delivery) and the
extracellular conductivity was discovered. Although several possible
mechanismshave beenproposedby the authors [47–49], a causal relation
between them and the data trends has yet to be established.
We propose that the electrophoretic transport of the target ions is
largely responsible for the observed conductivity effects. We follow our
previous work where we have established a model framework to track
the delivery of small ions into electropermeabilized cells [50]. We com-
bined an asymptotic Smoluchowski equation (ASE) for membrane per-
meabilization with a Nernst–Planck (NP) equation system for ion
transport, and simulated calcium ion entry into Chinese Hamster Ovary
cells. In contrast to the previous compartment or simpliﬁed diffusion
models [51–57], we simulate the spatial and temporal evolution of both
the pore statistics and themolecular concentration of the pertinentmole-
cules. Our results compared well with experimental data from [58], and
revealed that electrophoresis plays an important role in molecular trans-
port. Furthermore, we found that ﬁeld-ampliﬁed sample stacking (FASS),
an electrokinetic mechanism arising from the presence of a gradient in
the electrophoretic velocity, determines the achievable molecular con-
centration within the cell. Because the latter is reciprocally correlated
with the extracellular electrical conductivity, the ﬁnding motivates us to
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tive to identify the underlying physical mechanisms.
We will use the model developed in [50] to study the entry of PI into
murine myeloma cells, using experimental parameters found in [47,48].
We emphasize that the focus of this work is not to improve the efﬁciency
of these particular electroporation schemes, but to provide generalmech-
anistic interpretations to the behavior of a complex system. The major
contribution lies in the development toward a prediction capability of
this broadly useful technique. In Section 2, the formulation and simula-
tion method are brieﬂy outlined. In Section 3.1, we use simulation to in-
vestigate membrane permeabilization and PI delivery with nano-second
pulses, and compare the results with those from [48]. Our results indicate
that only a weak correlation exists between the degree of perme-
abilization and the extracellular conductivity. In Section 3.2, a compact
formula is developed to approximate results predicted by the full
model, and is subsequently used to analyze the data trends from both
[47] and [48]. For both cases, the simulation and the compact formula
produce an expected inverse correlation between delivery and conduc-
tivity,which is compared in detailwith the experimental data. The results
reveal good agreement, suggesting that electrophoresis may be the root
cause of the observed trends. On the other hand, quantitative discrepan-
cies still exist between the prediction and the data, which points toward
mechanisms not included in the present model. In Section 4, several pos-
sible effects including those of charging time, electrodeformation forces,
and diffusion are addressed. We draw our conclusions in Section 5.
2. Model formulation
2.1. The electric problem
The overall model formulation follows our previous work [50]. A
schematic of the problem is shown in Fig. 1. The cell is idealized to
be a thin, rigid, and spherical shell of radius a, and a spherical coordi-
nate system is adopted. The x-axis is chosen to align with the direc-
tion of the applied electric ﬁeld. σ and Φ denote the electrical
conductivity and electric potential, and the subscripts i and e denote
intra- and extra-cellular, respectively. This single-cell-level treatment
is a good approximation to a cell in suspension when the suspension
is dilute enough such that the interference between the cells isθ
α
x
Φi , σi
Φe , σe
r
EO
Fig. 1. Schematic of the problem. The x-axis is aligned with the direction of the electric
ﬁeld. r denotes the radial position, and θ is the inclination angle. The problem is axi-
symmetric with respect to the x-axis.negligible. The intra- and extra-cellular electric potentials are
governed by the Ohmic equation:
∇⋅σ i∇Φi ¼ 0;∇⋅σ e∇Φe ¼ 0: ð1Þ
Note that we have neglected the displacement current in the elec-
trolytic solutions by assuming instantaneous charge relaxation. These
equations are respectively solved, and coupled on the membrane
through the electric current continuity condition,
−n⋅σ i∇Φi ¼−n⋅σe∇Φe ¼ Cm
∂Vm
∂t þ gl Vm−V restð Þ
þ
XK t;θð Þ
j¼1
ip Rj t; θð Þ;Vm
 
=ΔA; ð2Þ
where n is the local unit normal vector on the membrane, Cm is the
membrane capacitance, gl is the leakage conductance, and Vm (de-
ﬁned as Φi−Φeð Þr¼a) and Vrest are the transmembrane and the rest
potential, respectively. In what follows, we abbreviate the transmem-
brane potential as TMP. The three terms on the right-hand side of
Eq. (2) respectively indicate the three currents through the mem-
brane: the displacement current, the leakage current across the intact
cell membrane, and the ionic current through the pores at a speciﬁc
location. In the last term, ΔA is a local area element, K is the total
number of pores on the element, and ip is the current through an in-
dividual pore with radius Rj. ip is given by the formula
ip ¼
2πR2j σeffVm
πRj þ 2h
; ð3Þ
where σeff=(σe−σi)/ln(σe/σi) is an effective pore conductivity, and
h is the membrane thickness. Eq. (3) is obtained by directly solving
the Nernst–Planck equations for a binary electrolyte solution around
a cylindrical, membrane-bound pore. Detailed derivations can be
found in our previous work [59].
2.2. Pore nucleation and evolution
The ASE model describing the nucleation and evolution of the pore
population follows that by Krassowska and Filev [33],
dN
dt
¼ αe Vm=Vep
 2
1− N
N0e
q Vm=Vep
 2
0
BB@
1
CCA; ð4Þ
dRj
dt
¼ U Rj;Vm; τ
 
; j ¼ 1;2; ⋯; k: ð5Þ
Here N(t,θ) is the local pore number density, α, N0, q, and Vep are
constants, U is the advection velocity, and τ is an effective membrane
tension. According to this model, pores nucleate at an initial radius,
R∗=0.51 nm, and at a rate described by Eq. (4). They then evolve
in size according to Eq. (5), to minimize the total energy of the lipid
membrane. Resealing effects are also captured by the ASE. Further de-
tails of the model, as well as relevant parameters are found in [33],
and are not presented here for brevity.
2.3. Species transport
We adopt a generalized NP system to simulate species transport.
In the following, we consider three speciﬁc species, free PI ions
(denoted by PI2+), DNA and RNA binding sites (denoted by B), and
bound PI (denoted by PI−B). We assume that the binding sites are
uniformly distributed inside the cell with a molar concentration of
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an initial value. The extracellular PI2+ concentration is [PI2+]e,o
(Table 1). When free PI ions enter the cell through the permeabilized
membrane, they bind to DNA and RNA molecules at the binding sites.
Upon excitation the complex emits ﬂuorescent signal which is ob-
served by microscopy. The reaction is described by
PI2þi þ Bi⇌
kþ
k−
PI−Bi;
where k+ and k− are the association and dissociation rate constants,
respectively. The NP equations are modiﬁed with production terms
to capture this process:
∂ PI2þ
h i
∂t ¼ ∇⋅ wFz PI
2þh i∇Φ 
þ∇⋅D∇ PI2þ
h i
−kþ B½  PI2þ
h i
þ k− PI−B½ ;
ð6Þ
∂ B½ 
∂t ¼−kþ B½  PI
2þh iþ k− PI−B½ ; ð7Þ
∂ PI−B½ 
∂t ¼ kþ B½  PI
2þh i−k− PI−B½ : ð8Þ
Here PI2þ
h i
, B½ , and [PI−B] denote the molar concentrations, F is
the Faraday constant, and z, D, and w are the valence number, diffu-
sion coefﬁcient, and the mechanical mobility of PI2+, respectively. Be-
cause in general DNA and RNA have very low mobility within the cell,
they are assumed to be ﬁxed. Eqs. (6)–(8) are solved for both the
intra- and extra-cellular spaces, and are coupled on the membrane
by continuity of the molar ﬂux density for PI2+:
F i;e ¼ Fm; ð9Þ
where,
F i;e≡−n⋅ wFz PI2þ
h i
∇Φþ D∇ PI2þ
h i 
i;e
; ð10Þ
Fm≡ρp
D Peþ ln γð Þð Þ
h
γ−1ð Þ
lnγ
PI2þ
h i
e
− PI2þ
h i
i
exp Peð Þ
 
1−γ exp Peð Þð Þ : ð11ÞTable 1
List of model parameters.
Symbol Deﬁnition Value
a Cell radius 7 μm [47,48]
h Membrane thickness 5 nm
σe Extracellular conductivity 0.08–0.5 S/m
[47,48]
σi Intracellular conductivity 0.4 S/m [47,48]
F Faraday constant 96,485 C/mol
R Universal gas constant 8.314 J/K·mol
T Room temperature 298.15 K
k+ Association rate constant 1.54 (μMS)−1
[60,61]
k− Dissociation rate constant 5.17 s−1 [60,61]
De Diffusivity of PI2+ in the extracellular solution 437 μm2/sa
Di Diffusivity of PI2+ in the cytoplasm 146 μm2/sb
z Valence number for PI2+ +2
PI2þ
 
e;o Initial PI
2+ concentration in the extracellular
solution
37.4 μM [47,48]
[B]i,o Initial binding site concentration in the cytoplasm 6.93 mM [47,60]
a Direct measurement, courtesy of M. M. Sadik.
b This value is taken to be one-third of De. The reduction of the diffusivity of PI2+
within the cell is assumed to follow the same ratio as Ca2+ [50].Here F i;e are the ﬂux densities of [PI2+] from the intra- and
extra-cellular spaces, respectively, Fm is the ﬂux density across the
membrane, Pe≡wFzVm/D is an effective Péclet number, and γ=σi/σe
is the intra- to-extra-cellular conductivity ratio. Eq. (11) is derived as-
suming that the sum of the electrophoretic and diffusive ﬂuxes is con-
stant along the axis within the pore, and a detailed derivation is found
in [50]. Note that when Vm=0, Eq. (11) is reduced such that it includes
the diffusive ﬂux only. Eqs. (6)–(11) are coupled to (1)–(5) through
two variables, Φ and ρp. The latter is calculated for every area element
after the pore statistics is obtained,
ρp t; θð Þ ¼
XK t;θð Þ
j¼1
πR2j =ΔA:
This quantity is the local fractional “opening” area occupied by the
pores, and is a measure of membrane permeabilization. Following
[50], we name it the “pore area density” (PAD).
2.4. Numerical implementation
Eqs. (1)–(9) are solved numerically using a ﬁnite volume, alterna-
tive direction implicit (ADI) scheme. The problem is effectively
two-dimensional as we assume axisymmetry about the x-axis. For
initial conditions, we assume
N 0; θð Þ ¼ 0;Φi 0; r; θð Þ ¼ V rest;Φe 0; r; θð Þ ¼ 0:
The initial concentrations for free PI2+ and intracellular DNA/RNA
binding sites are given in Table 1. The simulation domain is a large
sphere 20a in radius. On the outer boundary, we prescribe
Φe t; r ¼ 20a; θð Þ ¼−E0r cosθ;
where E0 is the strength of the applied ﬁeld. This prescription well-
approximates the ambient condition of a uniform electric ﬁeld. A
non-uniform spherical grid with higher resolution around the mem-
brane is adopted to optimize computational efﬁciency. The numerical
convergence is tested with respect to resolution by increasing the
number of grids. All general parameters pertinent to the perme-
abilization model (1–5) are taken from [33], and are not repeated
here for brevity. Parameters speciﬁc to this study (e.g., σi,e, a, and
E0), and the rate constants are summarized in Table 1. They are spec-
iﬁed to best approximate the experimental conditions in [47,48]. Note
that the above model is derived assuming the pores are cylindrical in
shape. This is only an idealization of the realistic pore shape. The
pores are in general believed to have no edges, and molecular simula-
tion suggests they may even have irregular shapes [17].
3. Results
We ﬁrst present simulated results on cell permeabilization and PI
delivery under supra-electroporation conditions, and compare with
experimental data from [48] (Section 3.1). In Section 3.2, we develop
a compact formula to interpret the predicted and observed trends,
and use it to further correlate with experimental data under classical
electroporation conditions from [47].
3.1. Simulation of supra-electroporation with varying extracellular
conductivity
Fig. 2 shows the permeabilization of a cell membrane under a
160 kV/cm electric pulse 95 ns in length. In Fig. 2a, the evolution of
the TMP as a function of time at the anode-facing pole (θ=π) is
shown, for the various extracellular conductivities (σe=0.1–0.5 S/m).
All cases exhibit an initial increase in the magnitude of the potential,
followed by a subsequent decrease due to the permeabilization of
(a) (b)
(c) (d)
Fig. 2. Membrane permeabilization under a 160 kV/cm pulse 95 ns in length, for various extracellular conductivities (0.1–0.5 S/m). (a) The development of the TMP, Vm, at the
anode-facing pole (θ=π). (b) The distribution of the TMP as a function of the position along the membrane (θ) at t=95 ns. (c) The development of the PAD, ρp, at the
anode-facing pole (θ=π). (d) The distribution of the PAD as a function of θ at t=95 ns.
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ductivity of the membrane caps, such that further growth in the TMP
is limited. After the pulse ceases at 95 ns, the TMP drops to
near-zero. Fig. 2b shows the distribution of the TMP along the mem-
brane at t=95 ns. In Fig. 2c, we plot the evolution of the PAD (ρp) as
a function of time, also at the anode-facing pole (θ=π). Consistent
with the behavior of Vm, the increase in ρp goes through a rapid
stage followed by a slower one. The pores begin to shrink immedi-
ately after the pulse ceases, and themajority of them vanish between
180 and 200 ns. In Fig. 2d, ρp is plotted as a function of θ at the end of
the 95-ns-long pulse.
The salient feature of Fig. 2 is that both the TMP and PAD are insen-
sitive to the extracellular conductivity. (The intracellular conductivity is
considered to be a constant at σi=0.4 S/m.) This insensitivity can be
explained by the interdependence of the TMP and the PAD in the
model framework. According to Eqs. (4) and (5), the PAD exponentially
depends on the square of the TMP. On the other hand, the TMP has an
approximate linear dependence on the PAD through Eq. (2). As a result,
a small increase in the TMP leads to a great increase in the PAD,which in
turn limits further growth of the former parameter. This dynamic pro-
cess leads to a ﬁnal equilibration for bothρp and Vm, and the equilibrium
values dependonlyweakly onσe. The result suggests thatwithin the va-
lidity of the currentmodel framework, the strong dependence ofmolec-
ular delivery on the extracellular conductivity is not explained by the
variations in permeabilization.
We remark that when compared with results for classical electro-
poration (E0∼1 kV/cm) [50], the permeabilized areas at the anode-
and cathode-facing caps are larger. In addition, the maximum PAD
is 1–2 orders greater than that in the classical cases. However, these
results are consistent with model predictions by other authors for
supra-electroporation [31,34].
Next we present results for PI delivery into the permeabilized cell,
also for E0=160 kV/cm and a pulse length of tpulse=95 ns. For theexemplary results shown in Fig. 3, σe=0.1 S/m. The concentrations
for the dye in free ([PI2+]) and bound ([PI−B]) forms are plotted
along the cell centerline (the x-axis). Due to the small time scale in-
volved, both exhibit very narrow peaks inside the cell immediately
next to the anode-facing cap (x=−a=−7 μm, Fig. 3a, b). An en-
larged view in Fig. 3c and d shows more details of the development.
In Fig. 3c, the free-PI concentration reaches a peak value around
0.43 mM by the end of the pulse, mediated mainly by electrophoretic
transport. This peak value is much higher than the basal extracellular
concentration, PI2þ
h i
e;o
¼ 37:4 μM. This concentration enhancement
is caused by a difference in the electrophoretic velocity across the
cell membrane as we have previously demonstrated, and is termed
ﬁeld-ampliﬁed sample stacking (FASS) [50]. After the pulse ceases,
the concentration slowly diffuses away, during which we also observe
leakage through the permeabilized membrane. On the contrary, the
concentration for bound PI continues to increase even after the
pulse, due to continuous binding of the free ions with the available
sites. (Note the binding time scale is ∼0.1 ms, much longer than the
time scale presented. Such a long binding time may lead to delayed
observation of the ﬂuorescence signal such as the nano-second elec-
troporation experiments in [62].)
In Fig. 4, the time course of total PI delivery is examined for the
various conductivities studied in [48]. The total delivered molecular
content within the cell, PItot, is calculated by summing that of both
the free and bound PI. The total delivery ﬁrst increases linearly with
time until the pulse ends at 95 ns, indicating the dominant role of
electrophoresis. After the pulse ceases, noticeable leakage is observed,
especially for the lower conductivity cases where the intracellular
speciﬁc concentrations are higher due to FASS. PItot eventually
reaches equilibrium values, and after 400 ns no signiﬁcant changes
are observed. For these cases, diffusion does not contribute apprecia-
bly to the total delivery, mainly due to the rapid decrease in ρp after
Fig. 4. The time course of simulated total PI content (PItot). E0=160 kV/cm and
tpulse=95 ns. The numbers 1–5 denote σe in the unit of S/m.
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sion are found in Section 4.
In Fig. 5a and b, the simulated total PI delivery at t=800 ns is ex-
amined and shown as symbols, for the parametric conﬁgurations
studied in [48]. (The dashed-lines are calculated with a compact
model (12) which is presented in Section 3.2.) In Fig. 5a, the total PI
is plotted as a function of the applied ﬁeld strength, E0, and for the
various extracellular conductivities, σe. The pulse length is 95 ns. In
Fig. 5b, a single ﬁeld strength, E0=160 kV/cm is chosen, and the ef-
fects of pulse length (11–95 ns) are studied. For comparison, the ex-
perimental results from [48] are adapted and presented in Fig. 5c
and d. Very good agreements are observed in the general data trends.
First, PI uptake depends linearly on the ﬁeld strength (Fig. 5a and c),
and the slope of the linear curves decreases with an increasing con-
ductivity. Second, the total delivery shows an inverse correlation
with the extracellular conductivity (Fig. 5b and d), and the correlation
is stronger with longer pulses. These agreements suggest that trans-
port, and in particular via electrophoresis, plays a key role in mediat-
ing the delivery and producing the results shown. The mechanism is
further analyzed with a simpliﬁed understanding below.
3.2. A compact model and comparison with classical electroporation
The behavior observed in Fig. 5 can be understood with a simpli-
ﬁed model. In Appendix A and via a control volume analysis, we
show that the total molecular delivery, ctot, can be approximated by
the following formula,
ctot ¼ tpulse  cewFzEoπa2
3σ i
2σe þ σ i
  	
: ð12Þ
Here ce is the extracellular concentration of the target molecule.
The simple theory temporarily ignores diffusion and takes into(a)
(b)
(
(d
Fig. 3. Concentration evolution for free and bound PI along the cell centerline (x-axis) for E0
(c) and (d) zoom in around the anode-facing pole (x=−7 μm) to demonstrate detailed paccount only the electrophoresis transport, and the term within the
square brackets represents the total electrophoretic ﬂux into the
cell. The calculated results using the same parameters as in the previ-
ous section are shown as dashed lines in Fig. 5a and b. The simple for-
mula provides a good approximation when compared with the
results from the full model. The agreement suggests that indeed elec-
trophoresis is the main mode of molecular transport for the cases
studied, and that Eq. (12) can be used as a compact, convenient for-
mula in place of the more complex and costly full-model simulations.
More importantly, Eq. (12) correctly captures the linear depen-
dence of ctot on E0, as well as its inverse dependence on σe. The former
is simply due to the linear dependence of the electrophoretic velocityc)
)
=160 kV/cm, tpulse=95 ns, and σe=0.1 S/m. The cell extends from x=−7 to 7 μm.
roﬁle evolution.
(a) (b)
(c) (d)
Fig. 5. Simulated total PI delivery and comparison with experimental data. (a) Simulated total PI content within the cell (PItot, symbols) for tpulse=95 ns, as a function of the applied
ﬁeld strength, E0, and the extracellular conductivity, σe. The numbers 1–5 denote σe in the unit of S/m. (b) Simulated PItot (symbols) as a function of σe and tpulse for E0=160 kV/cm.
For both (a) and (b), the dashed lines are theoretical predictions generated with Eq. (12). (c) and (d): experimental data adapted from Fig. 3 in [48]. The dashed lines in (c) are
least-square linear ﬁts. Please note that the y labels in (c) and (d), “PI-Uptake, %”, mean the percentage of successful delivered cells.
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tial distribution of the electric ﬁeld, which depends on both the
intra- and extra-cellular conductivities. (See Appendix A for the de-
tailed derivation.) The functional dependence reveals that
ctot∼
3σ i
2σe þ σ i
; ð13Þ
where σi is assumed to depend only on the cell type, and is a ﬁxed
constant for all cases studied.
The availability of Eq. (12) allows us to further analyze the data
trends observed in the experiments. Note that a direct comparison
with the results from [48] is not possible, because our model predicts
the total delivery into a single cell, whereas the experimental data
measures the percentage of cells with successful PI uptake. Instead,
we attempt to ﬁt the experimental data with Eq. (13). In Fig. 6, the
black dots are the slopes extracted from the least-square linear ﬁts(a) (b
Fig. 6. Parametric ﬁtting of the experimental data on PI delivery. In (a), the dots are the nu
mental data are regenerated from Fig. 3 in [47], where open circles, solid circles, and triang
curves are ﬁts with the original functional form (13). The dot-dashed are ﬁts from the modfrom Fig. 5c. The dashed curve is a least-square ﬁt assuming a func-
tional form of A[3σi/(2σe+σi)], where A=0.20 is the resulting ﬁt pa-
rameter. This ﬁt captures the trend, but tends to produce a somewhat
weaker dependence on σe when compared with the data. However, a
correction of the functional form with an added constant produces an
excellent agreement,
f 2 σeð Þ ¼ B
3σ i
2σ e þ σ i
þ C
 
; ð14Þ
where B=0.44, C=−1.28 are determined to minimize the ﬁtting
error. The resulting curve is shown in Fig. 6a as a dot-dashed line.
Eq. (12) also permits us to conveniently analyze the other data,
namely, the experimental measurements by Djuzenova et al. [47]. This
work proceeds [48], and investigates the effect of extracellular conduc-
tivity with classical (E0=3 kV/cm and the ﬁeld exponentially decays
with a time constant of 40 μs) instead of supra-electroporation. The)
merical values of the slopes extracted from the linear ﬁts in Fig. 5c. In (b), the experi-
les represent KCl, NaCl, and Na2SO4 solutions, respectively. For both cases, the dashed
iﬁed functional form (14).
(a) (b)
Fig. 7. Calculated membrane conductance (σm) as a function of extracellular conductivity. The membrane conductance is consistently higher as the extracellular conductivity in-
creases. In (a), the conductance is shown at θ=π and as a function of time. In (b), it is shown as a function of θ at t=95 ns.
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adapted and presented in Fig. 6b as symbols. Same as in the previous
case, we use Eq. (13) to ﬁt the data (dashed), and the result reveals a
weaker dependence on σe. On the other hand, ﬁtting with the modiﬁed
form Eq. (14) (dot-dashed) yields a satisfactory curve which well-
captures the trends. Interestingly, the ﬁt constant C for the two cases
in Fig. 6 closely matches each other (−1.28 and −1.46, respectively),
pointing toward a consistent functional form, although the pulsing
schemes are drastically different.
The results presented above lead to two important speculations.
First, the formula (12) as well as the full model captures an essential
part of the physical processes involved. While quantitatively discrep-
ancies are present, qualitatively the trends are reproduced. It is par-
ticularly interesting to see that a simple modiﬁcation based on the
prediction agrees satisfactorily with the correlations observed in
both [47] and [48]. Based on this result, we believe that electropho-
retic ion transport plays a signiﬁcant role in mediating the delivery
of small charged molecules. Second, an unknown mechanism not in-
cluded in our model also contributes to delivery, which is evidenced
by the constant C that is artiﬁcially added to Eq. (14). We are current-
ly investigating various possibilities for this discrepancy. Regardless
of its nature and origin, our results indicate that the effect is also lin-
early proportional to the applied ﬁeld strength.
4. Discussion
The current work posits that the molecular uptake dependence on
extracellular conductivity is mediated by electrophoretic transport.
However, the mechanism we propose is not necessarily exclusive.
For a complex process as such, multiple mechanisms may simulta-
neously contribute to the system behavior, and some possibilities
are discussed below.
4.1. Membrane and electrode charging times
The charging time is the most obvious conductivity-dependent
parameter in an electroporation system. In Djuzenova et al. [47], the
membrane charging process as a possible contributor has been
discussed. The relaxation time, τm, for a near-insulating membrane
is given by
τcharg ¼ aCm
1
σ i
þ 1
2σ e
 
;
which shows an inverse dependence on σe. However, as the authors
argued in [47], this dependence would rather produce an opposite
trend. According to the formula, a decreasing σe leads to an increasing
charging time. The cell would hence experience less exposure to theﬁeld post-permeabilization, and both permeabilization and delivery
would more likely decrease in this case.
Another charging time is the electrode screening time,
τc ¼
λDL
D
;
where λD is the Debye thickness for the electrical double layer, L is the
distance between the electrodes, and D is a characteristic ion diffusiv-
ity [63]. This time scale is calculated with a resistor–capacitor model.
For electroporation experiments, it characterizes the time for signiﬁ-
cant ﬁeld reduction to occur due to ion accumulation near the
electrodes. Using λD=3 nm (for typical buffer with an ion concentra-
tion around 10 mM), L=1 mm, and D=10−9 m2/S, τc is on the
order of 3 ms, much longer in general than the pulsing time in both
[47] and [48]. This mechanism is therefore also unlikely responsible
for the observed conductivity effects.
4.2. Membrane permeabilization and diffusion
In Müller et al. [48] the authors proposed that the conductivity-
dependent electrodeformation force determines the degree of
electropermeabilization, which in turn causes the observed depen-
dence of delivery on the extracellular conductivity. The normal com-
ponent of the electrical pressure acting on the membrane, PD, is given
by the formula:
PD ¼
9
2
∫wE
2
0 cos
2θ
σ2i −σ2e
σ i þ 2σ eð Þ2
; ð15Þ
where w is the permittivity for an aqueous solution. We argue that
this mechanism is neither likely a viable interpretation. Although
Eq. (15) does have a similar dependence on σe through the denomi-
nator, the more conspicuous feature is that PD depends on E02, not E0
as shown in the experiments. Indeed, a companion study by Zimmer-
mann and co-authors and a recent work by us both indicate that de-
formation depends quadratically on E0 [49,64]. However, we do not
exclude the possibility that electropermeabilization can depend
strongly on the conductivity, through unknown mechanisms not in-
cluded in the current Krassowska–Neu framework. Furthermore, if
such mechanisms do exist, the inﬂuence on delivery would more like-
ly manifest itself through diffusion, not electrophoresis which tends
not to be affected by permeabilization. (We have adequately argued
this latter point in our previous work [50].)
In Section 3.1, our simulation indicates that diffusion contributes
very little to the total delivery in the case studied, due to a rapid
resealing of the pores post-pulsation. (Most pores disappear at around
200 ns accordingly to the model.) This effect, however, may be due to
an under-prediction of the post-pulsation PAD and/or its persistence
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scale of a fewseconds to tens ofminutes [65,66,55,67–69]. Furthermore,
if diffusion affects transport appreciably, such as demonstrated by
Pucihar et al. [53], the effects together can contribute to the data trend
observed. Although our simulation shows that diffusion results in only
a small portion of the total molecules delivered with nano-second
pulses for the short duration simulated, over a long time it may have
more signiﬁcant contributions. Indeed, the importance of diffusion can
be seen from various previous experiments [70,60,71,53,72]. In this
case, if the post-pulsation PAD has a strong and inverse dependence
on the extracellular conductivity, its effect will manifest through diffu-
sive transport, and hence contribute to the overall trend observed. Fur-
ther experiments as well as model development (to take into account
the conductivity-dependent membrane forces) are needed to help
quantify the effects of both permeabilization and transport, and are
the scope of our on-going work.
4.3. Other experimental observations
In the current work we have focused on interpreting the data from
the two papers by Zimmerman and co-authors [73,48]. Other experi-
mental data exist in the literature, and sometimes provide contradicting
trends. For example, Ivorra et al. [74] observed that if medium conduc-
tivity decreased then higher ﬁeld strength was required to achieve the
“same effects”. Rols et al. [75] discovered that increasing the ionic
strength of the pulsing medium resulted in an increase in sieving of
transient permeant structures. These trends are opposite of those ob-
served in [47,48], and cannot be readily captured by the current
model without a detailed study. We speculate that these discrepancies
may be attributed to the speciﬁc parametric conﬁgurations used in
the respective experiments. For example, in [74], the very low electrical
conductivity may bring about additional effects due to very thick elec-
trical double layers both around the cell and next to the electrodes.
This latter factor affects the distribution of the electric ﬁeld signiﬁcantly.
However, for electroporation in the classical regime, our recent experi-
ments indicate trends in agreement with those by Zimmerman and
co-authors. These results are presented in a recent publication [76],
and are not repeated here for brevity.
Meanwhile, our model prediction provides qualitative agreement
with other experimental data in terms of membrane conductance.
In Suzuki et al. [77] (Fig. 9 therein), the measured membrane was
higher when the extracellular conductivity was increased. This corre-
lation is correctly captured in Fig. 7 below. In fact, a positive correla-
tion of the membrane conductance with extracellular conductivity is
consistent with the dependence of membrane permeabilization on
conductivity as presented in Fig. 2d. As we argued previously, the var-
iation in conductance or permeability is not responsible for the vari-
ability in delivery as observed by the various authors.
4.4. Limitations of the current model
Inevitably, the current model is a signiﬁcant idealization to the re-
alistic physical conﬁguration of the problem. First, the cell membrane
is assumed to be a spherical shell with a given dielectric constant. In
reality, a cell membrane contains bilayer molecules, protein, carbohy-
drates, among others. None of these effects are considered in the ASE
model for membrane permeabilization. In addition, the model does
not differentiate between supra and classical electroporation. In
other words, it may not capture the fundamental differences in the
membrane behavior when subjected to nano-second and longer
pulses. Second, the cell cytoplasm is considered to be uniform. Here
we neglect the organelles and assume that DNA molecules are uni-
formly distributed inside the cell. In contrast, a physical cell is hetero-
geneous, and most of the DNA binding sites are located inside the
nucleus. Despite these simpliﬁcations, we expect the qualitative con-
clusions in this paper to hold. As we demonstrated previously [50]and in the current work, as long as the membrane is reasonably
permeabilized, electrophoretic transport depends much less on the
details of membrane permeabilization, but rather on the distribution
of the heterogeneous electric ﬁeld. Furthermore, the assumed unifor-
mity in the binding sites within the cell would affect the speciﬁc dis-
tribution of the species concentration within the cell, but would have
little effect on the total amount of delivery.
5. Conclusions
In this workwe presented amodel study of ion delivery into perme-
abilized cells. The model system combines the Neu–Krassowska frame-
work for permeabilization with Nernst–Planck equations for ion
transport, and is used to study the delivery of PI into mammalian cells
following experiments by Müller et al. [48] and Djuzenova et al. [47].
The focus of the study is to provide mechanistic interpretations of the
observed inverse correlations between delivery and the extracellular
conductivity. Our main conclusions are as follows.
• Our results indicate that neither the transmembrane potential nor
the membrane permeabilization depends strongly on the extracel-
lular conductivity. Instead, the interplay between the two parame-
ters drives them toward their respective equilibrium states.
• The conductivity does strongly affect the spatial distribution of the
electric ﬁeld, which in turn results in varied total delivery. The
model successfully predicts an inverse correlation between the
two parameters.
• The model results compare well with experimental observations in
general, but yield a weaker correlation between extracellular con-
ductivity and delivery. Satisfactory ﬁtting curves on the data are
obtained when modifying the predicted correlation with a constant.
The success of the model suggests the importance of electrophoretic
transport in mediating delivery. The discrepancy between the re-
sults suggests that an unknownmechanism not included in the cur-
rent framework contributes to molecular transport. The cause of the
discrepancy is currently being investigated.
Based on the simulation and a control volume analysis, we have
developed a simple formula to predict electrophoresis-mediated ion
delivery. The formula provides an accurate approximation to the re-
sults from the full model, and can be used as a compact, convenient
formula in place of the more complex and costly simulations. Togeth-
er this work is an important step toward the quantiﬁcation of molec-
ular delivery via electroporation.
Appendix A. Compact model for molecular delivery via
electrophoresis
In this section, we develop a simpliﬁed and compact model to pre-
dict molecular delivery via electrophoretic transport. This develop-
ment is based on the results from our previous work [50], where we
ﬁnd that the degree of permeabilization does not signiﬁcantly affect
transmembrane molecular ﬂux. In fact, the effect of membrane per-
meabilization is rectiﬁed by ion accumulation or depletion around
the polar caps, and the resulting ﬂux into the cell mainly depends
on the ambient conditions in the buffer. This ﬁnding allows us to sig-
niﬁcantly simplify the problem, such that a theoretical approximation
can be derived to estimate molecular delivery.
As an idealization, we assume that the membrane is completely
permeabilized, such that both the electric potential and the Ohmic
current are continuous:
Φi r¼a ¼ Φe r¼a; n⋅σ i∇Φið Þr¼a ¼ n⋅σe∇Φeð Þr¼a:




 ðA:1Þ
This idealization ignores the presence of both a ﬁnite TMP and
non-permeabilized areas on the membrane. However, it makes the
analysis tractable, and provides a reasonable approximation to the
469J. Li et al. / Biochimica et Biophysica Acta 1828 (2013) 461–470far-ﬁeld electric ﬁeld. The solution to Eq. (1) using the matching
condition (A.1) gives:
Φe ¼−E0 1þ λ
a3
r3
 !
r cosθ
Φi ¼−
3σe
2σ e þ σ i
E0r cosθ
;
8>><
>>:
ðA:2Þ
where λ≡(σe−σi)/(2σe+σi). The external electric ﬁeld is then given
as
Ee rð Þ ¼ E0 1−2λ
a3
r3
 !
cosθer−E0 1þ λ
a3
r3
 !
sinθeθ:
A control volume is shown in Fig. A.8. The surface A1 denotes a
semi-sphere far away from the cell, R≫a. The annular disk A2 con-
nects A1 with the cell surface. We conveniently ignore diffusive trans-
port and assume that the molecular concentration on these surfaces
remains ambient (denoted by ce). On each surface, the molecular
ﬂux density F ep (per unit area) is computed as
F ep ¼−n⋅uep  ce;
where n is the outward unit normal, and uep=−wFz∇Φ is the elec-
trophoretic velocity vector. The total ﬂux into the cell is simply the in-
ﬂux through A1 subtracting the efﬂux through A2. A straightforward
calculation reveals
F tot ¼ cewFzE0 tð Þπa2
3σ i
2σ e þ σ i
 
:
The total molecular delivery, ctot, is the integration of the ﬂux with
respect to the time in the presence of an electric pulse. For a constant
electric ﬁeld with pulse length tpulse,
ctot ¼ tpulse  cewFzE0πa2
3σ i
2σe þ σ i
  	
: ðA:3Þ
In deriving Eq. (A.3) we also assume that the time for membrane
permeabilization is negligible. However, the formula can be easily
modiﬁed should this time become comparable to the total pulse
length. Note that ctot depends on the conductivities via the factorx
E 0
Uep
cell
A 1 A 2
a
R
Fig. A.8. A control volume analysis for the total molecular ﬂux into the cell. The control
surface A1 is semi-spherical and away from the cell. The annular disk A2 connects A1
and the cell surface. The ﬂux into the cell is calculated by subtracting the efﬂux through
A2 from the inﬂux through A1. Uep denotes electrophoretic velocity, and is the only
mechanism considered for transport in the idealized analysis.3σi/(2σe+σi). This factor arises from the effect of intra- and extra-
cellular conductivities on the electric ﬁeld which is evidenced in
Eq. (A.2).
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